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Abstract: We report experimental observation of nonlinear transverse optical pattern distributions 
in a photonic crystal surface-structured VCSEL by using near-field scanning optical microscope.  
Rotating cavity dipole solitons and vortex soliton clusters are demonstrated. 
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Vertical Cavity Surface Emitting Lasers (VCSELs) are recognized as powerful semiconductor lasers that have 
played a significant role in high-speed laser printing, optical storage and telecommunications. With optical output 
vertically emitted from the surface, VCSELs also act as an interesting platform for studying optical pattern 
formation in mesoscopic system. In this scenario, self-organized linear and nonlinear optical modes have been 
demonstrated in semiconductor microresonators, such as scar modes [1, 2] and cavity solitons [3].  In recent years, 
with the advance of new fabrication technologies, it becomes more feasible to actually utilize one- or higher-
dimensional photonic bandgap crystals to modify the resonance modes in semiconductor lasers.  
 In this work, a two-dimensional photonic crystal micro-structure is fabricated on a VCSEL surface [4] to 
investigate the transverse optical pattern formation and its evolution by using near-field scanning optical microscope 
(NSOM) technology. Various localized optical vortex soliton structures in the output surface are formed and 
observed. Due to the confinement of the surrounding photonic crystal cavity, experimental evidence of rotating 
evolutions at different distances above the emitting surface for a fixed driving current are demonstrated directly 
from the NSOM images. The experimental investigations in this paper provide new results for studying the 
dynamics between nonlinear dissipative system and bandgap effect in semiconductor microstructures. 
 The SEM image of micro-structured VCSELs with surface photonic crystals used in our experiments is 
shown in the inset of Fig. 1(a). The epitaxial layers of the VCSELs is grown by MOCVD on n+-GaAs substrate, 
with GRINSCH active region formed by undoped triple-Al0.12Ga0.88As-Al0.3Ga0.7As QWs placed in one lambda 
cavity. The DBR in the vertical cavity consist of 24 and 40.5 pairs of Al0.3Ga0.7As/Al0.9Ga0.1As layers, respectively. 
We perform RIE to define mesas with diameters of 22 μm, where the Al0.98Ga0.02As layer within the Al0.9Ga0.1As 
confinement layers is selectively oxidized to AlOx. The oxide aperture is 16 μm in diameter. We introduce an oxide 
aperture to reduce the lateral optical loss and the leakage current. The micro-structured surface pattern is defined by 
the focused ion beam. In this work, hexagonal lattice patterns with seven-defects are fabricated within the p-contact 
ring to introduce photonic crystal structures. The lattice constant of the hexagonal lattice for this photonic-crystal-
structured VCSEL is 1 μm and the diameter for the surrounding holes is 500 nm. Two small extra holes in the core 
region is introduced to break the polarization symmetry of the cavity modes. The diameters for the two extra holes 
are 100 nm. 
 Fig. 1: (a) The L-I curve, light versus current, of the photonic-crystal-structured VCSEL and the corresponding SEM image (inset). For a fixed 
driving current, 34 mA, transverse intensity distributions of the output dipole soliton at different distances from the cavity surface are shown for 
(b) 1.5, (c) 3, and (d) 4.5μm, respectively. 
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 Fig. 1(a) shows the CW light-current relation of our AlGaAs-based photonic-crystal-structured VCSEL. 
The threshold current for lasing condition is about 32 mA. After the VCSEL is turned on, we using NSOM operated 
at collection mode to measure the electromagnetic intensity distribution on the aperture surface. For a fixed driving 
current we perform the measurement at different distances at the emitting window from cavity surface. The intensity 
distributions at the near-field for the operation current at 34 mA are shown in Fig. 1(b-d), with estimated distance 
about 1.5, 3 and 4.5 μm, respectively. Due to that the operation current is well above the threshold current and with 
cavity effect, the nonlinear effects are believed to play important roles in the formation of the transverse optical 
patterns [5]. For example, after leaving the cavity surface, z = 1.5μm, a well-defined dipole soliton pattern is 
observed in Fig. 1(b). Experimental observations of an optical dipole soliton propagating with rotations in the 
transverse plane are shown, in Fig. 1(c) and (d) for the distance of 3 and 4.5 μm, respectively.  
 As the injection current increases to 35 mA, a cluster of vortex soliton is directly observed with the NSOM 
image and intensity distribution shown in Fig. 2(a) and (b), respectively. Up to 37 mA, more strongly localized 
vortex soliton patterns can be formed, as shown in Fig. 2(c-d). The size of these optical cluster patterns are less than 
6x6 μm2. Such kind of vortex soliton clusters formed by the interplays between nonlinear media and photonic 
crystals has been reported in optically induced photonic lattices [6]. But in our experiments, solitons in VCESLs 
belong to a totally different family of dissipative systems [7]. More detail modeling and simulations for such novel 
semiconductor micro-resonators are under investigated for possible all-optical information processing. 
 In conclusion, with microstructure patterns and NSOM technologies, we investigate the formation and 
evolution of the transverse optical patterns in AlGaAs-based surface-structured VCSELs. Formation of localized 
optical cavity patterns, including cavity dipole solitons and vortex soliton clusters, are observed directly at room 
temperature. Such kind of photonic-crystal-structured VCSELs provide a new platform for the studying of band-gap 
effects on the dissipative solitons. 
 
 
 
Fig. 2: Near field intensity distributions of optical vortex soliton clusters are observed for a fixed current, 35 mA (a-b) and 37 mA (c-d). 
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